Development and application of fluorine free mould fluxes have been widely studied in recent years. Some research has shown that B2O3 and TiO2 are potential substitutes for F -in mold fluxes. In this study, Structure of CaO-B2O3-SiO2-TiO2 glass system has been studied by Raman spectroscopy. The influence of basicities (CaO/SiO2) and contents of B2O3 and TiO2 on the structure of CaO-B2O3-SiO2-TiO2 glasses were examined. Experimental results indicate that TiO2 exists in the system in the form of [TiO4] as network former in range of 0-15% in mass. The degree of polymerization of this system decreases with increase of basicities. The increase of B2O3 leads to more [BO4] tetrahedral units. It is concluded that both B2O3 and TiO2 behave as network forming oxides within the studied system.
Introduction
Mold fluxes are critical materials in continuous casting process and play an important role in metallurgical industry. However, the fluorides within them cause pollution to environment and damage to equipment seriously. 1) Thus, the development and application of fluorine free mould fluxes have been widely studied in recent years. Recently, B2O3 and TiO2 are potential substitutes for F -in mould fluxes and have been increasingly applied in continuous casting process. [2] [3] [4] [5] [6] [7] [8] B2O3 , as an effective fluxing agent to lower the melting point of mould fluxes, has been studied a lot to be selected as additives to mould fluxes. 3, 6, 7) According to research of Nakada et al. 2) and Wen et al., 4, 5, 8) the existence of TiO2 in mould fluxes can easily lead to the formation of a crystal (CaO·SiO2·TiO2) with high melting point, which is potential to replace the cuspidine generated by fluorine in mould fluxes to achieve good heat transfer performance. Consequently, it is of practical importance to investigate the properties of mould fluxes simultaneously containing B2O3 and/or TiO2 to develop the optimal fluorine free mould fluxes.
The performance of mold fluxes, such as heat transfer and lubricity, serves an important function in the process of continuous casting. Viscosity, crystallization and some other physio-chemical properties, as functions of temperature and chemical composition, contribute the excellent performance of mold fluxes. [1] [2] [3] [4] [5] [6] [7] [8] [9] And these properties are closely related to structure of fluxes. Consequently, the changes of physiochemical properties of slag can be determined by investigating its structure character so as to achieve the purpose of controlling metallurgical reactions.
At present, high temperature X-ray diffraction analysis, IR spectrum analysis, microscope observation, Raman spectroscopy, nuclear magnetic resonance (NMR), and so on, are the major techniques to obtain structure information of molten slag. Among all of these, Raman spectroscopy has a lot of advantages over traditional analytical techniques, such as microanalysis, high analysis speed, high precision and accuracy, application to high-temperature condition and nodestruction. [10] [11] [12] [13] [14] Therefore, Raman spectroscopy has been successfully applied to detect the vibration mode of molecular or micro-structure units and it has become a very popular method to acquire the information of constitutes and structure of material. [10] [11] [12] Many researchers compared the infrared and Raman spectra of various silicate glasses and their corresponding melts. 13, 14) They found the spectra of glass are similar to melt. Thus, to a certain extent, the structure of high temperature melts can be known by analyzing the Raman spectra of the corresponding glasses at room temperature. A lot of research has been carried out to study the structure of alkali borates, alkali silicates and borosilicate glasses by Raman spectroscopy. [15] [16] [17] [18] [19] To the best of our knowledge, there is only limited structure information about CaO-B2O3-SiO2-TiO2 glasses and melts. Therefore, CaO-B2O3-SiO2-TiO2 glass system has been investigated in this work to acquire room-temperature Raman spectra. Through analyzing the characters of these spectra, a lot of information of microstructures can be obtained, which can provide reliable reference for the research of physical-chemical properties of fluorine free mould fluxes and help to the further exploitation and application of fluorine free mould fluxes.
Experimental
Analytical grade TiO2, CaCO3, H3BO3 and high purity SiO2 were taken as raw materials, with CaCO3 and H3BO3 being substitutes for CaO and B2O3, respectively. Table 1 presents the compositions (wt.%) of the glass samples investigated.
Glass samples with different compositions were prepared by conventional melting and quenching method. Raw mate-rials were mixed, taken into a platinum crucible and then melted in high temperature furnace at approximately 1 573-1 673 K in air atmosphere. The samples were held at 1 573 K or 1 673 K for nearly 3 h to make sure complete melting and homogenization. After melting, the melts were quenched by water and then bulk glass samples are formed. These glass samples are proved to be amorphous by XRD (e.g. Fig. 1) .
Raman spectra were acquired using a laser confocal Raman spectrometer, JY-HR800, manufactured by Jobin Y'von of France. Its precision of wave number is better than 0.01 cm -1 . The experiments were carried out at room temperature using excitation wavelength of 532 nm and the light source was a semiconductor laser with power of 1 mw. The frequency band measured in this work ranged from 100 to 2 000 cm -1 . , while the bands at about 500-800 cm -1 of the Raman spectra for 40CaO·30SiO2·30B2O3 glass disappear. It is observed that the relative intensity of the Raman signals at about 948 and 1 040 cm -1 become weaker and these two peaks have a slight shift toward low frequency. And also, in Fig. 2 , the peaks in high frequency 1 300-1 500 cm -1 also shift toward low frequency.
Results
Influence of basicities on glass samples of xCaO·(63-x) SiO2·27B2O3·10TiO2 ( ) have also been examined.
The Raman spectra for samples with different basicities are shown in Fig. 3 . ), Raman signals in the region of 1 300-1 500 cm -1 is assigned to the stretching vibration of B-Onb (non-bridging oxygen) and BOb (bridging oxygen). Figure 4 shows the Raman spectra for samples with different contents of B2O3. With the increase of B2O3, the signals in the region of 1 300-1 500 cm -1 increase in relative intensity.
Discussion
The Raman spectrum of all glass samples presented above is deconvolved by Gaussian-Deconvolution method similar to method by Mysen et al. 20) with the minimum correlation coefficient r 2 ≥ 0.999. The comparison between the orginal spectrum and sum of deconvolved bands are given. Assignments of Raman peaks that are to the interest of present work have been listed in Table 2 .
The deconvoluted results of Raman spectrum in Figs. 5(b)-5(d) show a new peak at approximately 840 cm -1 . This band probably corresponds to the vibration of Ti-O-Si structural group, 21) or it is assigned to Ti-O-Ti vibrations, 22) or both. It indicates Ti 4+ exists in the glasses in the form of [TiO4] . There also appears a new band in the vicinity of 726 cm -1 . According to Mysen et al., 22) this band is probably assigned to deformation of O-Ti-O or O-(Si, Ti)-O in chain or sheet units or both. In the present spectral, there are no bands at wavenumbers less than 700 cm -1 that could be attributed to Ti-O stretch vibrations of Ti in six-fold coordination. 22 ) Therefore, it is proposed that no [TiO6] exists in the present system. ISIJ International, Vol. 51 (2011), No. 7
The structure of TiO2-free silicate has been subjected to many studies by Raman spectroscopy. 16, 17, [24] [25] [26] [27] [28] [29] [30] [31] According to these previous studies, 16, 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] in TiO2-free silicate, the peak at about 948 cm -1 is due to stretching with NBO/Si = 2 (non-bridging oxygen per tetrahedrally coordinated cation) and referred to as Q2 (subscript refers to the number of bridging oxygen) species in a chain structure. And there is another band near 1 040 cm -1 . Based on the reports of Parkinson, 17) You et al., 24) Tsunawaki 25) and Mcmillan, 26, 27) this peak is due to stretching with NBO/Si = 1 and referred to as Q3 species in a sheet structure. However, Mysen and Frantz et al. [28] [29] [30] [31] suggested that this band could be also assigned to Si-O 0 stretch vibration in structural units. They noted that there is overlap between Si-O 0 and Q3 for this band. In the present work, Raman spectral near 1 040 cm -1 has been well deconvolved by assuming one Gaussian peak. Besides, the abundance changes of bridging oxygen are mainly discussed by comparison of areas of two bands 948 cm -1 and 1 040 cm -1 . And whether overlap between Si-O 0 and Q3 is considered or not, band 1 040 cm -1 refers to the structural unit with more bridging oxygen than Q2, and area ratios of two bands reflect the abundance changes of bridging oxygen. For the simplicity, the band 1 040 cm -1 is simply denoted by Q3 in this paper and the estimated ratio of Q2 and Q3 is used to investigate the abundance changes of bridging oxygen. According to Frantz and Mysen, 28, 29) the mole fractions of different structure units is related to the band areas according to the equation: Xi = θi·Ai and the ratio of Raman scattering coefficients for Q3 and Q2 is θ 3/θ 2 = 2.92 in alkali silicates, where Xi, θ i and Ai represent the molar fraction, Raman scattering coefficient and band area of the ith structure units, respectively. It is assumed that the ratio of Raman scattering coefficients for Q3 and Q2 in our system is 2. The molar fraction ratio of Q2 to Q3 could be estimated using Eq. (1). The Effects of TiO2 on the abundance of Q2 to Q3 can be observed. It can be seen from Fig. 6 that the estimated ratio of Q2 to Q3 decreases as the content of TiO2 increases from 0 to 15% in mass. That means the percentage of Q3 increases compared with that of Q2, which indicates that the percentage of bridging oxygen in silicates increases.
It has been proposed that Ti 4+ exist in the form of [TiO4]. If these [TiO4] are separated from silicate network, the ratio of Q2 to Q3 should be constant with the increase of TiO2 content, due to the ratio of CaO/B2O3/SiO2 is kept invariant. However, the ratio of Q2 to Q3 decreases as TiO2 content increase. Therefore, some [TiO4] should be incorporate into silicate network to form O-(Si, Ti)-O and enhance the bridging oxygen of the samples. It is proposed that TiO2 behaves as network forming oxides and contributes to form network structure within the percentage being studied.
It is observed from Fig. 2 that the addition of TiO2 leads to the shift of the band near 1 440 cm -1 toward low frequency. Raman bands in high frequency range have been assigned to the B-O -bonds attached to the large borate group, and metaborate triangles linked to the BO4 tetrahedral exhibit their B-O -stretching activity at lower frequencies as a result of π-electronic interaction. The deconvoluted results of Raman spectra for glass samples with different basicities are presented in Fig. 7 . There is no obvious change on bands for structure units of titanium oxide, which indicates that titanium exists in [TiO4] structure units though basicities increase. With the basicities increasing from 1.0 to 1.5, the relative intensity of peaks at about 945 and 1 028 cm -1 become weaker. Figure 8 shows the effects of basicities on the estimated mole ratio of Q2 to Q3. It can be seen that this ratio increase slightly as basicities increase from 1.0 to 1.33, whereas it increases obviously as the basicities increases from 1.33 to 1.5.
Increase of the estimated mole ratio of Q2 to Q3 indicates that the percentage of bridging oxygen decreases. It is proposed that the network structure is gradually broken with the addition of alkaline earth metals oxides. However, Q2/Q3 increases nonlinearly with increase of basicity. Ratio of SiO2/(SiO2+B2O3) decreases with increase of basicity. Beside effect of modifying oxide, network could be further impaired due to forming more Si-O-B bonds. On the other side, according to previous study on borosilicate glass, alkali ions (Na + ) and alkaline earth ions are associated with borates units preferentially in borosilicate glasses. [34] [35] [36] [37] [38] It is presumed that Ca 2+ associates with boron preferentially in borosilicate glasses so that Ca 2+ associates with boron to form Ca-O-B bonds at first in this system and has slight effects on [SiO4] structure units when basicities increase from 1.0 to 1.33. However, as basicities increase to 1.5, there is more Ca 2+ to affect [SiO4] structure units, which leads to rapid increase of Q2/Q3. The present study evidences that alkaline earth metals oxides have destructive effects on network structure.
It can be seen from Fig. 4 that changes of B2O3 content produce no obvious influence on structure role of Ti Figure 11 shows the effects of B2O3 content on the estimated ratio of the two types of silicate structural units, Q2 and Q3. Apparently, the estimated ratio of Q2 to Q3 decreases as the content of B2O3 increases from 22% to 40% in mass. This indicates that the percentage of bridging oxygen increases with increase of B2O3 content.
It is proposed that B2O3 behaves as a network forming oxide with the present system. The increase of B2O3 content decreases the content of modifying oxide (CaO), thereby increase the amount of bridging oxygen in the system. Furthermore, according to some studies on borosilicate glasses by X-ray photoelectron, Infrared, NMR spectroscopy and so on, there exists a certain amount of Si-O-B linkages in borosilicate and alkaline borosilicate glasses. 35, [41] [42] [43] It is proposed that the increase of bridging oxygen may be also due to the forming of Si-O-B structure groups.
Conclusion
The Raman spectroscopy technique has provided deep insight into the structure of the glass system CaO-B2O3-SiO2-TiO2. With increasing TiO2 content, the percentage of sheet-type [SiO4] structure unit increases and the addition of TiO2 contributes to the forming of network. Ti [BO4] tetrahedral units as well as increase of the proportion of sheet-type [SiO4] structure units. Both B2O3 and TiO2 behave as network forming oxides within the studied system. 
